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LITHOLOGY OF EVAPORITE CYCLES AND
CYCLE BOUNDARIES IN THE UPPER PART OF
THE PARADOX FORMATION OF THE
HERMOSA GROUP OF PENNSYLVANIAN AGE IN THE
PARADOX BASIN, UTAH AND COLORADO

By OMER B. RAUP and ROBERT J. HITE

ABSTRACT

Evaporites of the Paradox Formation of the Hermosa
Group of Pennsylvanian age in the Paradox Basin of south-
eastern Utah and southwestern Colorado are direct precipi-
tates from marine brines and have been changed only
slightly by subsequent events. Geophysical logs of deep
wells indicate that the Paradox Formation is composed of 29
halite-bearing evaporite cycles. Rock types that make up the
cycles, in order of increasing salinity, are organic-carbon-
rich carbonate shale (black shale), dolomite, anhydrite, and
halite (with or without potash). Studies of core from two core
holes in the central part of the basin show that some of the
cycles in the upper part of the Paradox Formation are
remarkably complete, indicating regular changes in salinity.
Newly recognized lithologic textures and cycle boundaries
in 11 evaporite cycles indicate very regular cyclicity of sub-
aqueous sedimentation in a basin in which salinity was prob-
ably controlled by Gondwana glaciation.

INTRODUCTION

The Paradox Basin of southeastern Utah and southwest-
ern Colorado contains a thick section of evaporites in the
Paradox Formation of the Hermosa Group of Pennsylvanian
age. This section contains 29 well-defined cycles composed
of halite beds and associated penesaline and siliciclastic
rocks (interbeds) (Hite, 1960).

Dissolution disconformities that separate each of the
evaporite cycles in the Paradox Formation were recognized
by Hite (1970). Since then, much detailed work has been
done to characterize the sedimentological sequence within
the cycles. The present study was done using cores from two
core holes drilled during potash exploration in two areas
southwest of Moab, Utah. These cores were taken from the

upper part of the Paradox Formation in cycles 2-11 and part
of cycle 13. In this paper we describe some of the important
features of these evaporite cycles that serve as the basis for
interpretations of the mode of deposition of these rocks.

Acknowledgments.—We thank James Hodgkinson and
David Hogle for preparing the polished core samples, Sam-
uel J. Dennis, Robert H. Weir, and H. Leon Groves, Jr., for
photographic processing, and Lisa Ramirez Bader for com-
puter graphics. We appreciate the helpful reviews of the
manuscript by Sherilyn Williams-Stroud and Joseph P.
Smoot.

GEOLOGIC SETTING

The Paradox Basin in southeastern Utah and southwest-
ern Colorado in the eastern part of the Colorado Plateau (fig.
1) is a structural and depositional basin that trends north-
west-southeast adjacent to the southwest flank of the
Uncompahgre Uplift. The depositional basin was asymmet-
rical in a northeast-southwest direction; it was deepest adja-
cent to the Uncompahgre Uplift and shallowed toward the
shelf areas, which were toward the west, southwest, and
south. The present sedimentary basin covers an area of
approximately 11,000 mi? (28,500 km?), and its boundaries
are defined by the limit of the halite deposits in the Paradox
Formation of the Hermosa Group of Pennsylvanian age. The
original maximum depositional thickness of the Paradox
Formation was 5,000-6,000 ft (1,500-1,800 m) in the deep-
est part of the basin. The halite-bearing interval has been
locally thickened to as much as 14,000 ft (4,300 m) in dia-
piric anticlines (Hite, 1968, p. 321).

Saline rocks of the Paradox Formation consist of 29
known halite-bearing evaporite cycles. Each cycle contains
penesaline and siliciclastic rocks (interbeds) at the base and
a halite bed, with or without potash, at the top. Individual
halite beds are now 20-790 ft (6240 m) thick near the basin
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center (Hite 1983). Hite (1960) numbered the halite beds
from 1 to 29 from top to bottom. Recent drilling, however,
has shown that there are two younger, thin halite beds near
the depocenter of the basin. These have not as yet been incor-
porated into the present numbering system.

The areal distribution of the evaporite facies reflects the
asymmetry of the basin (fig. 1). The potash facies is best
developed in areas that were the deepest parts of the basin
adjacent to the Uncompahgre Uplift (unpub. data). The halite
facies has a wider distribution and extends farther to the
northwest, southwest, and southeast. The anhydrite facies
extends beyond the halite facies, and the carbonate facies,
both limestone and dolomite, extends onto the shelf areas
beyond the edges of the basin (Hite and Buckner, 1981).

Rocks of the northeastern part of the Paradox Basin are
folded into parallel anticlines and synclines that trend north-
west-southeast. In the area of the thickest evaporites, the
halite facies has flowed into the cores of the anticlines from
the adjacent synclines. Anticlines closest to the Uncompah-
gre Uplift are diapiric, and large volumes of halite in the
upper parts of their cores have been removed by dissolution.
In anticlines farther from the uplift, the halite facies is con-
formable with overlying sedimentary rocks. This is the case
for both the Cane Creek Anticline and Shafer Dome, from
which the cores of this study were taken.

The Paradox Basin was formed in Pennsylvanian time
in response to plate collisions that produced the Ouachita-
Marathon orogeny (Kluth and Coney, 1981). The South
American—African plate encountered the North American
plate from the southeast starting in Late Mississippian to
Early Pennsylvanian time. Major structural displacement
occurred from Middle Pennsylvanian to Early Permian time.
The major stresses of impact progressed from east to west,
first in the Quachita area, then in the Marathon Basin area
(Ross, 1979). Structural deformation in the ancestral Rocky
Mountains responded to the same east to west sequence.
Coarse arkose flanking the ancestral Front Range is Early
Pennsylvanian to Early Permian in age (Mallory, 1975),
whereas arkose flanking the Uncompahgre Uplift is Late
Pennsylvanian and Permian in age (Peterson and Hite,
1969).

Tectonism in and around the Paradox Basin reached a
climax with major downwarping of the basin in Desmoine-
sian time. The major positive elements were the ancestral
Front Range, the Uncompahgre Uplift, the Emery Uplift, the
Piute positive element (Mallory, 1975), and the ancestral
Kaibab and Zuni-Defiance Uplifts (Peterson and Hite,
1969). Except for the deeper water parts of the Paradox
Basin, the surrounding areas were covered by shallow seas.

CORE DESCRIPTION

This study of evaporite cycles in the Paradox Basin is
based on two cores: the Delhi-Taylor Oil Company Cane

Creek No. 1 and the Delhi-Taylor Oil Company Shafer
No. 1. In these holes, which were drilled for potash,
much of the upper part of the Paradox Formation was
cored. These two core holes are located on nondiapiric salt
anticlines where the stratigraphic sequence of the Paradox
Formation is still well preserved. The two cores are
described in Raup and Hite (1991a, b).

Hite (1960) and Hite and Buckner (1981) established
stratigraphic correlation of the evaporite cycles in the Para-
dox Formation throughout the Paradox Basin. The correla-
tions were based on distinctive geophysical log signatures of
many of the penesaline and siliciclastic intervals (interbeds)
within the evaporite sequence; these log signatures can be
traced from one end of the basin to the other and from the
evaporite facies in the center of the basin into the carbonate
rocks on the shelf of the basin.

DELHI-TAYLOR OIL COMPANY
CANE CREEK NO. 1

The Delhi-Taylor Oil Company Cane Creek No. 1 well
was drilled near the crest of the Cane Creek Anticline, Grand
County, Utah, in section 25, T. 26 S., R. 20 E. (fig. 1). The
total depth of the hole was 2,805 ft (855 m), and the cored
interval included four of the upper five evaporite cycles of
the Paradox Formation (fig. 2). Coring started at a depth of
1,840 ft (561 m) in limestone of the Honaker Trail Forma-
tion, which overlies the Paradox Formation and is the upper
formation of the Hermosa Group.

The rocks of cycle 1 are represented in this core hole by
anhydrite, silty dolomite, black shale, and some limestone
that overlie the halite bed of cycle 2. The halite bed of cycle
1 is present in the northeast part of the basin (depocenter) but
is absent at this location.

The upper part of cycle 2 contains a bed of halite that is
171.3 ft (52.2 m) thick and is underlain by interbed units that
are 110.2 ft (33.6 m) thick. The vertical distribution of the
rock types in the interbeds is remarkably symmetrical and
complete. The major rock types of this interval are anhydrite,
silty dolomite, and black shale (Raup and Hite, 1991a). The
basal anhydrite contains a thin unit of black shale.

The upper part of cycle 3 contains a bed of halite that is
133.8 ft (40.8 m) thick and is underlain by interbeds that are
106 ft (32.3 m) thick. Like cycle 2, these interbeds are verti-
cally symmetrical with respect to lithology. The base of this
interval is anhydrite, overlain successively by silty dolomite,
black shale, silty dolomite, and anhydrite. A detailed log of
these interbeds is illustrated in figure 5, and a detailed
description is given later.

The halite bed at the top of cycle 4 is 179.5 ft (54.7 m)
thick. It overlies interbeds that are only 37 ft (11.3 m) thick.
In addition to being thin, this interval does not have the reg-
ular vertical symmetry of cycles 2 and 3. The lithologic units
of these interbeds are thin and repetitious.



B4 EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

DEPTH
METERS  FEET
550 — 1,800 =
V,
/ Cycle
1
600 —
2000 -
Cycle
2
650 —
2200 - Fig. 35
. Fig. 27
0 F— 34 Fig. 26 Cycle
ig. .
- 7
% 3
2,400 — / See fig. 5
750 —
Cycle
2,600 — Figs. 30, 31 4
- ftll———
800 // < Fig. 42
Cycle
5
850 2,800 —

Figure 2. Schematic stratigraphy of Cane Creek No. 1 core hole.
Penesaline and siliciclastic intervals (interbeds) between halite
beds (nonpatterned) are indicated by a diagonal pattern. Locations
of photographic figures are indicated by arrows; location of core
hole shown in figure 1.

The halite bed of cycle 5 and only 1 m of anhydrite
in the underlying interbed were drilled in this core hole.
The halite bed is 127.3 ft (38.8 m) thick. A bed of sylvin-
ite (crystalline intergrowth of sylvite and halite), approxi-
mately 11.8 ft (3.6 m) thick, is near the top of this halite
bed. The Texasgulf Corporation has been mining this pot-
ash deposit near Moab, Utah, since 1964.

DELHI-TAYLOR OIL COMPANY
SHAFER NO. 1

The Delhi-Taylor Oil Company Shafer No. 1 well was
drilled on the crest of Shafer Dome 14 mi (22.5 km)
southwest of Moab, Utah, in section 15, T. 27 S., R. 20 E,,

San Juan County, Utah. It was drilled to a depth of 4,155.8 ft
(1,266.7 m) through 11 of the 29 numbered evaporite cycles
in the Paradox Basin (figs. 1, 3). Coring started at 2,160.1 ft
(658.4 m) just above the halite bed of cycle 2. The halite bed
of cycle 1 halite is absent in this part of the basin. No core
was taken from just below the top of the halite bed of cycle
2 to about 30 ft (6.7 m) above the base of the halite bed in
cycle 3 (fig. 3) (Raup and Hite, 1991b).

The interbeds of cycle 3 have the same very regular ver-
tical symmetry as the same interval in the Cane Creek No. 1
core. A detailed correlation and comparison of this interval
in both wells is presented later (fig. 5).

Both the halite bed and the interbeds in cycle 4 are thin,
29.8 ft (9.1 m) and 37 ft (11.3 m), respectively. The interbeds
of cycle 4 are mostly silty dolomite; thin beds of anhydrite
are at the top and bottom of the interbeds and a very thin
black shale is in the middle.

The halite bed of cycle 5 is 213.9 ft (65.2 m) thick and
contains widely disseminated crystals of sylvite. Although
there is no economic concentration of sylvite in cycle 5 at
this locality as there is at Cane Creek No. 1, the total interval
of sylvite-mineralized rock is thicker.

The halite bed of cycle 6, one of the thickest halite beds
in the upper part of the Paradox Formation, is 312 ft (95.1 m)
thick. The underlying interbeds, on the other hand, are only
23 ft (7 m) thick and contain only anhydrite and dolomite. A
zone of sylvinite near the top of the halite bed is approxi-
mately 20 ft (6 m) thick.

Cycle 7 contains a halite bed that is 99.1 ft (30.2 m)
thick. The interbeds at the base of the cycle are only 9.8 ft (3
m) thick and are mostly anhydrite with a thin dolomite in the
middle.

Cycle 8 is similar to cycle 7 in that the interbeds are
composed only of anhydrite and dolomite. The halite bed is
69.9 ft (21.3 m) thick, and the interbeds are 46.9 ft (14.3 m)
thick.

The halite bed of cycle 9 contains a zone of sylvinite
near its top that is approximately 19.7 ft (6 m) thick. The
halite bed is 157.8 ft (48.1 m) thick, and the underlying inter-
beds are 35.1 ft (10.7 m) thick. The bottom two-thirds of the
interbeds is dolomite, and the upper third is anhydrite. A thin
bed of black shale is in the upper part of the dolomite.

The halite bed of cycle 10 is very coarsely crystalline in
its upper part, and it contains several thin zones of anhydrite-
halite pseudomorphs after gypsum. This halite bed is 134.8
ft (41.1 m) thick, and the underlying interbeds are 36 ft (11
m) thick. The interbeds consist mainly of anhydrite and dolo-
mite and contain three thin zones of black shale near the top.

The halite bed of cycle 11 is only 25.9 ft (7.9 m) thick.
1t is underlain, however, by thick interbeds that contain two
relatively thick black shale beds and some relatively thin
black shale beds. Because the halite of cycle 12 is not present
in this core, it is probable that part of these interbeds
represents cycle 12.
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Figure3. Schematic stratigraphy of Shafer No. 1 core hole. Penesaline and siliciclastic intervals (interbeds) between halite beds (nonpat-
terned) are indicated by diagonal pattern. Locations of photographic figures are indicated by arrows; location of core hole shown in figure 1.

The halite bed of cycle 13 and a few feet of underlying
anhydrite constitute the base of this core hole. This halite
bed, which is 169.9 ft (51.8 m) thick, contains thin beds and
disseminated crystals of sylvite scattered throughout, except
for a few meters at the base. Small nodules of kieserite
(MgS04-H,0) are in a 16.4-ft (5 m) -thick zone near the
middle of the halite bed.

EVAPORITE CYCLES

Each of the evaporite cycles in the upper part of the Par-
adox Formation of the Hermosa Group in both the Cane
Creek and Shafer cores contains a halite bed and an underly-
ing sequence of penesaline and siliciclastic rocks that we

collectively refer to as interbeds (figs. 2—4). The cycles are
separated by erosional or dissolution unconformities that are
characterized by sharp knife-edge contacts (Hite, 1970; Hite
and Buckner, 1981; Raup and Hite, 1991a, b).

Most of the interbeds are made up of anhydrite, dolo-
mite, and organic-carbon-rich carbonate shale (black shale).
Some interbeds contain primarily anhydrite and dolomite
and little or no black shale. Each of the interbeds has anhy-
drite at the top and bottom, and most contacts within the
interbeds are gradational.

Of the 11 cycles available for study in the Cane Creek
and Shafer cores, the most perfectly developed, in terms of
lithologic representation and distribution, are cycles 2 and 3.
The interbeds of these two cycles are vertically symmetrical
and comprise a sequence of anhydrite, silty dolomite, black
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shale, dolomite, and anhydrite. Figure 4 illustrates the strati-
graphic sequence in cycle 2.

A typical cycle starts at the base of the lower anhydrite
at a disconformity at the top of the underlying halite bed. As
we discuss later, we believe that the cycle is initiated by an
abrupt rise in sea level and an influx of sea water into the
basin (letter X, fig. 4). The lower part of the interbeds, there-
fore, is termed the transgressive phase because of rising sea
level. We believe that sea level reached a maximum during
deposition of the middle of the black shale (letter Y) and then
began to drop. Thus, we consider the rock types in the upper
part of the cycle (Y to Z) to be regressive.

It is probable that the cycles in the lower part of the Par-
adox Formation were deposited in relatively deep water in a
basin that had subsided before evaporite deposition started.
The rapid rate of evaporite deposition, however, quickly
overtook basin subsidence, and the basin rapidly filled with
evaporites in a manner described for other evaporite basins
(Borchert and Muir, 1964; Wardlaw and Schwerdtner, 1966;
Schmalz, 1969).

LITHOLOGIC CHARACTERISTICS OF
CYCLES 2 AND 3 OF THE
PARADOX FORMATION

The lithology described for cycle 2 (fig. 4) (Hite and
Buckner, 1981) and cycle 3 (fig. 5) is very regular with
respect to vertical distribution and representation of the
evaporite rock types. Each of the cycles is bounded top and
bottom by a solution disconformity, and each has a
sequence, from base upward, of anhydrite, silty dolomite,
organic-carbon-rich carbonate shale (black shale), dolomite,
anhydrite, and halite. All of the contacts within the interbeds
between these rock types are conformable, and most are gra-
dational.

The lithologic sequences of cycles 2 and 3 (figs. 4 and
S, respectively) are almost identical. Hite and Buckner
(1981) described and interpreted the depositional history of
cycle 2. Most of the lithologic detail presented herein is from
cycle 3, but lithologic features of both cycles are presented
and interpreted. Some general characteristics of the major
rock types are included from descriptions of other cycles
(Raup and Hite, 1991a, b).

Semiquantitative mineralogy of the various rock types
in the interbeds of cycles 2 and 3 in the Cane Creek No. 1
core, as determined by X-ray diffraction, is illustrated by his-
tograms for the minerals halite, anhydrite, calcite, dolomite,
quartz, plagioclase, orthoclase, and clay and mica (fig. 6)
(Raup and Hite, 1991a). The quantities of the minerals were
determined by comparing major peak heights of minerals in
the samples with peak heights of prepared standards.

SALINITY
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A

Halite

phase

Regressive

Anhydrite

Cycle 2

Dolomite

Black \
shale

;I
VI‘

Silty
dolomite

phase

Transgressive

Anhydrite
LnAnAan X _ —

>
-t

SEA LEVEL
UP -«—— DOWN

Figure4. Stratigraphy of cycle 2 facies in Cane Creek No. 1 core.
Curve shows relative sea level and salinity during deposition of
each facies. Points X, Y, and Z (referred to in text) are important po-
sitions in the salinity cycle. Location of core hole shown in figure
1. Modified from Hite and Buckner (1981).

INTERBEDS

ANHYDRITE (TRANSGRESSIVE)

The lower anhydrite unit in cycle 3 overlies the halite
bed of cycle 4 with a very sharp, knife-edge contact (solution
disconformity) in both the Cane Creek and Shafer cores
(figs. 7, 8). The anhydrite rock is composed primarily of the
mineral anhydrite and locally minor amounts of interspersed
dolomite. Other minor constituents include quartz, mica,
clay minerals, and pyrite. The basal part of this anhydrite
unit is very fine grained and laminated. The laminae average
1-3 mm thick and consist of light-gray to dark-gray or tan
layers. The darker layers are colored by accumulations of
organic matter. The laminated interval in the Cane Creek
core is about 4.4 ft (1.3 m) thick. The laminated interval is
overlain by nodular anhydrite (figs. 9-12). This nodular
interval in the Cane Creek core is 8.6 ft (2.6 m) thick.
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tions of core holes are shown in figure 1.
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Figure 7. Photograph of polished surface of core from
Cane Creek No. 1 core, depth 2,460.5 ft (750 m), illustrat-
ing sharp contact (arrow) between overlying laminated an-
hydrite at base of interbeds at base of cycle 3 and halite bed
at top of cycle 4. This part of halite bed 4 contains small
pseudomorphs of halite and anhydrite after gypsum. Loca-
tion of core shown in figure 5.

Figure 8. Photograph of polished surface of core from Shafer
No. 1 core, depth 2,588 ft (788.8 m), illustrating sharp contact
(arrow) between overlying, finely laminated anhydrite at base of
interbeds at base of cycle 3 and halite bed at top of cycle 4.
Location of core shown in figure 5.



EVAPORITE CYCLES IN THE PARADOX FORMATION, UTAH AND COLORADO

Figure9. Photograph of polished surface of
core from Cane Creek No. 1 core, depth
2,456.5 ft (748.7 m), illustrating laminated
transgressive anhydrite grading upward into
nodular anhydrite near base of cycle 3. Loca-
tion of core shown in figure 5.

Figure 10. Photograph of polished surface of core
from Cane Creek No. 1 core, depth 2,455.3 ft (748.4
m), illustrating nodular transgressive anhydrite in
lower part of cycle 3. This is classic chicken-wire tex-
ture of nodular anhydrite. A faint remnant layering is
visible through nodules. Location of core shown in
figure 5.

B11
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Figure 11. Photograph of polished surface of core
from Shafer No. 1 core, depth 2,583.5 ft (787.4 m), illus-
trating nodular transgressive anhydrite in lower part of
cycle 3. Remnant horizontal layering is visible through
nodules. Location of core shown in figure 5.

Figure 12. Photograph of polished surface of core from
Shafer No. 1 core, depth 2,581.5 ft (786.8 m), illustrating
nodular transgressive anhydrite in lower part of cycle 3.
Location of core shown in figure 5.

The disconformities at the base of cycles 2 and 3, as
well as those of all of the other cycles in the upper part of the
Paradox Formation, are thought to result from an abrupt rise
in sea level as indicated by the sea-level curve in the center
of the diagram (fig. 4). This rise in sea level resulted in an
inflow of sea water that caused an overall lowering of brine
salinities in the basin and dissolution of the upper part of the
halite bed of the preceding cycle. The character of the disso-
lution surfaces could be observed in the underground
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workings of the Texasgulf potash mine near Moab, Utah.
Two photographs of these underground exposures are illus-
trated in a paper by Hite (1970, p. 56, 57).The transgressive
phase of deposition, from point X to point Y in figure 4, is
considered to have occurred during a rise in sea level. The
anhydrite of this phase, which is laminated in the lower part
of cycle 3 and nodular in the upper part (fig. 5), was probably
deposited as a result of a new influx of calcium and sulfate
into the basin from the open ocean. The laminated anhydrite
(possibly originally gypsum) would have been deposited
during the early stages of influx when the salinity of the
brines in the basin was still very high, and it may have pre-
cipitated from the incoming brine as that brine mixed with
brines of higher salinity that were already in the basin (Raup,
1982).

The upward progression of laminated anhydrite to nod-
ular anhydrite may be related to the reduction in brine salin-
ity as conditions approached those for the deposition of the
dolomite. The nodular anhydrite is probably a diagenetic
texture that resulted from recrystallization of laminated
anhydrite in the bottom muds in the presence of brines of
lower salinity. Traces of laminations through the nodules
indicate that the nodular anhydrite (fig. 11) was originally
laminated and that the nodular texture is a secondary feature.
The transgressive anhydrite in the interbeds of cycles 4, 5, 6,
8, and 10 also exhibits laminated textures grading to nodular
textures as it approaches rock types that were deposited
under less saline conditions. These examples also indicate
that the changes in texture from laminated to nodular anhy-
drite are probably related to changes from higher to lower
salinity.

Since the discovery of anhydrite nodules in the modern
sediments along the Trucial Coast of the Arabian Gulf in
what is considered a classic example of the sabkha deposi-
tional environment (Kinsman, 1966; Butler, 1969), research-
ers have been quick to interpret any nodular anhydrite as
having formed in a sabkha setting. Dean and others (1975),
in their paper on the sedimentological significance of nodu-
lar and laminated anhydrite in the Delaware Basin, made a
good case for the diagenetic origin of nodular anhydrite
regardless of original depositional setting. Dean and others
(1975) and Dean and Anderson (1978, 1982) described
cycles in the Permian Castile Formation of Texas and New
Mexico in which laminated anhydrite grades upward into
nodular anhydrite that is overlain by halite. In this sequence,
the nodular anhydrite probably formed in an environment of
increasing salinity rather than the decreasing salinity
sequence of the Paradox cycles. Like the evaporite cycles of
the Castile Formation, the Paradox cycles probably were
deposited by subaqueous processes, and the nodular anhy-
drite in the middle of this sequence is part of these processes.
The nodular anhydrite in the Paradox Basin evaporites most
likely formed as the result of diagenesis that occurred early
in the depositional process or at some later time. The original
calcium sulfate precipitation may have been gypsum, and the

nodules may have formed when the gypsum was converted
to anhydrite.

SILTY DOLOMITE (TRANSGRESSIVE)

The anhydrite is overlain by silty dolomite above a con-
tact that in both cores is abrupt. In general the dolomitic
rocks are composed of mainly dolomite, varying significant
amounts of quartz, calcite, anhydrite, clay, and mica, and
minor amounts of orthoclase, plagioclase, and some halite.
All of the constituents of the dolomitic rocks are fine to very
fine grained. The rocks have a sugary to earthy texture and
are medium to light tannish gray. The transgressive dolomite
in cycle 3 has a fine-grained sugary texture (figs. 13, 14) that
is due in part to silt-sized sucrosic dolomite crystals and in
part to very well sorted quartz grains of about the same size.
These rocks have indistinct and occasional disrupted bed-
ding. Some irregularities in the bedding may be due to bio-
turbation. This dolomite in cycle 3 in the Cane Creek core is
14.4 ft (4.4 m) thick. The lower half of this dolomite, in both
cores, contains a thin interval of black shale (see fig. 5).

The transgressive dolomite precipitated as an influx of
sea water continued to cause a further drop in basin salinities
and the basin brines were enriched in the HCO; ion. The
fine-grained sucrosic texture of the dolomite in the Paradox
interbeds probably is the result of early diagenetic dolomiti-
zation or of primary precipitation. Reduced dissolved sulfate
in the basin brines, caused by bacterial reduction (Baker and
Kastner, 1981) and (or) precipitation of reaction calcium sul-
fate as a result of dolomitization (Hite, 1985), could have
contributed to conditions necessary for the precipitation of
primary dolomite. Subtle textural and physical properties of
chemical sediments, however, are subject to alteration
through geologic time (Hardie, 1987).

This transgressive dolomite contains a high percentage
(as much as 40 percent) of detrital quartz and some feldspar,
and the grain size of this material is about the same as that of
the sucrosic dolomite (figs. 6, 15). Much of the quartz and
feldspar and possibly much of the dolomite may have been
transported to the site of deposition by density currents sim-
ilar to the mechanism proposed by Harms (1974) for parts of
the Permian Brushy Canyon Formation in the Delaware
Basin. The currents may have acquired clastic material as the
shoreline advanced through the arkosic fan deltas adjacent to
the Uncompahgre Uplift during rising sea level. The high
degree of sorting of the quartz may be the result of winnow-
ing of the material during current transport. Hite and Buck-
ner (1981) believed that the remarkably well sorted material
indicates that deposition may have been from turbidity cur-
rents that flowed across the basin on dense bottom-basin
brines. The high degree of sorting of the quartz also suggests
the possibility of an eolian origin. Further petrographic study
on a regional scale would improve our understanding of the
origin of these rocks.
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Figure 13. Photograph of segment of Cane
Creek No. 1 core, depth 2,438 ft (743.1 m), illus-
trating typical transgressive silty dolomite in
lower part of cycle 3. This quartz-rich carbonate
may have been deposited by a combination of
density currents and chemical precipitation. Lo-
cation of core shown in figure 5.

Figure 14. Photograph of polished surface of core from
Shafer No. 1 core, depth 2,569 ft (783.0 m), illustrating
typical transgressive silty dolomite in lower part of cycle 3.
Faint laminations are marked by concentrations of organic
matter. Black spots are very small nodules of organic mat-
ter and pyrite. Location of core shown in figure 5.

BLACK SHALE

The transgressive dolomite is overlain by organic-
carbon-rich carbonate shale (black shale) (figs. 5, 16) that
comprises the middle lithologic unit in these sets of inter-
beds. The black shale of the Paradox Formation consists
mainly of dolomite, calcite, quartz, clay minerals, and mica
and minor amounts of pyrite and some sphalerite (fig. 6).
Samples taken from different cycles in both cores have
almost identical mineral compositions. In cycle 3 of the Cane
Creek core the contact between the underlying dolomite and
the black shale is gradational, but in the Shafer core it is
abrupt. This shale interval, referred to as the “Gothic shale”
by industry, is 36.5 ft (11.1 m) thick in the Cane Creek core
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Figure 15. Photomicrograph of transgressive dolomite from
Cane Creek No. 1 core, depth 2,433.5 ft (741.7 m); crossed nicols.
Most of white, clear grains are quartz; cloudy gray grains are dolo-
mite. Sample contains about 40 percent quartz. Location of core
shown in figure 5.

and is dark gray to jet black. Its mineral components are fine-
silt to clay sized and include dolomite, calcite, and quartz
and minor amounts of feldspar, illite, and other clay minerals
(fig. 6). Fine silt-sized quartz is abundant in some intervals
in amounts of as much as 40 percent (fig. 17). The carbonate
content is 20-30 percent (Hite, 1970). The total organic
carbon content in the black shale of cycle 3 is 2-3 percent in
the Shafer core (Hite and others, 1984, p. 264). Black shale

in the interbeds of other cycles in the Paradox Basin contains

organic matter in amounts from 0.5 to 13 weight percent
(Hite and others, 1984). A few broken shell fragments, some
small intact shells, and occasional conodonts indicate some
biological activity.

The black shale was probably deposited during the time
of highest sea level within each cycle when the salinity of the
brines in the basin was lowest. The organic matter was prob-
ably derived from both marine and continental sources, as
well as from algae and bacteria that flourished within the
basin, and was preserved by residual, dense, relatively high
salinity, anoxic brines that covered the basin floor. The
siliciclastic components may have been deposited by density
currents similar to those during deposition of the silty dolo-
mite interval described earlier, but it is possible that a signif-
icant amount may have an eolian origin. An extensive
discussion concerning the composition and origin of these
unusual rocks is given in a paper by Hite and others (1984).

The upper part of the cycle 3 interbeds is interpreted as
having been deposited during a lowering of sea level and is
thus considered to be the regressive phase. The lowering of

Figure 16. Photograph of polished surface of core from Sha-
fer No. 1 core, depth 2,542 ft (774.8 m), illustrating typical in-
terval of organic-carbon-rich carbonate shale (black shale)
near middle of interbeds in cycle 3. Location of core shown in
figure 5.

sea level and the accompanying rise in salinity in the basin
started sometime during deposition of the black shale as
indicated at point Y on figure 4.

DOLOMITE (REGRESSIVE)

The black shale is overlain by a dolomite (fig. 18) that,
like the transgressive dolomite, has a sugary texture. The
contact between these rock types is gradational in the Cane
Creek core and abrupt in the Shafer core. In the Cane Creek
core this dolomite unit is 21 ft (6.4 m) thick. This regressive
dolomite has a blotchy texture as a result of included organic
matter and small clots of pyrite. Occasional zones of dis-
rupted bedding may be the result of bioturbation.

The regressive dolomite was deposited at a time when
basin salinities were rising. It contains somewhat less silici-
clastic material than the transgressive dolomite, especially in
cycle 2 (fig. 6), possibly because less clastic material may
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Figure 17. Photomicrograph of black shale from Cane Creek No.
1 core, depth 2,410.5 ft (734.7 m); crossed nicols. Sample contains
about 15 percent very fine grained, silt-sized quartz. Location of
core shown in figure 5.

have been available near the basin edges during the
regressive phase of the cycle and because much of the
available material would have been mobilized during the
transgressive phase. Rainfall over the highland areas may
also have been lower during this phase in the cycle, and
therefore flooding from the land was less.

The transgressive dolomite, the black shale, and the
regressive dolomite in cycles 2 and 3 contain abundant silt-
sized siliciclastic material, mostly quartz. The other rock
types of the cycles, anhydrite and halite, contain very little
quartz. Rates of sedimentation of the different rock types
may account, in large part, for these differences. If siliciclas-
tic material entered the basin at an almost constant but slow
rate, either by density currents from the shoreline or by wind,
it would accumulate in greater amounts within the chemical
sediments that precipitated the slowest. Hite and Buckner
(1981, p. 157) showed that the dolomite and black shale were
deposited, in general, at rates lower than the anhydrite and
halite. This difference in deposition rates may account, at
least in part, for the distribution of the siliciclastic material
in these rocks.

Between the regressive dolomite and the overlying
anhydrite is a transition zone of interbedded dolomite and
anhydrite (fig. 5) that contains numerous thin layers of small
pseudomorphs of anhydrite after gypsum (figs. 19, 20). In
the Cane Creek core this transitional interval is 8.8 ft (2.7 m)
thick. The increase in amount of anhydrite (gypsum) and the
presence of bottom-growth crystals are indicative of rising
salinity of the brines in the basin.

Figure 18. Photograph of polished surface of core from Sha-
fer No. 1 core, depth 2,523.5 ft (769.2 m), illustrating an interval
of regressive dolomite in upper part of interbeds in cycle 3.
Blotches are composed of organic matter, pyrite, quartz, and mi-
nor halite. Location of core shown in figure 5.

ANHYDRITE (REGRESSIVE)

Anhydrite having a variety of textures overlies the dolo-
mite-anhydrite transition zone. Laminated texture in the
lower part of this anhydrite unit probably resulted from pri-
mary precipitation from the brine column as may also have
occurred in the transgressive anhydrite (fig. 5). Extremely
fine and wavy laminations in part of the unit may be the
result of anhydrite replacement of carbonate algal mats (fig.
21). This interval in the Cane Creek core is 2 ft (0.6 m) thick.
Above the finely laminated anhydrite is a 3-ft (1 m) -thick
zone of anhydrite that contains clasts of extremely finely
laminated anhydrite. This zone, too, could possibly be a
replacement of algal mat structures (fig. 22). If this finely
laminated anhydrite was originally produced by algal
deposition, the zone of deposition must have been within the
photic zone (water depth less than 80 m). Cycle 3 is in the
upper part of the Paradox Formation and thus was probably
deposited in relatively shallow water during the later stages
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Figure 19. Photograph of polished surface of core
from Cane Creek No. 1 core, depth 2,372 ft (722.0
m), illustrating an interval of interbedded dolomite
(D) and anhydrite (A) that contains pseudomorphs
(P) after bottom-growth gypsum in regressive phase
in upper part of interbeds in cycle 3. Location of
core shown in figure 5.

Figure 20. Photograph of polished surface of core from
Shafer No. 1 core, depth 2,517.5 ft (767.3 m), illustrating
an interval of interbedded dolomite (D) and anhydrite (A)
that contains small pseudomorphs (P) after bottom-
growth gypsum in regressive phase in upper part of inter-
beds in cycle 3. Location of core shown in figure 5.

of basin filling. This depositional sequence fits the model for
deep-water evaporites described by Schmalz (1969).

The upper part of the regressive anhydrite unit contains
a zone of coarse pseudomorphs of anhydrite and halite after
gypsum (fig. 5). This pseudomorphic texture in cycle 3 is
illustrated from both cores in figures 23-25. In the Cane
Creek core this zone is 8.2 ft (2.5 m) thick. The top of this
zone of pseudomorphs is conformably overlain by bedded
halite.

The pseudomorphic zone, which is common to all
cycles in the upper part of the Paradox Formation, must
somehow be related to conditions of rising salinity in the
basin because the anhydrite lithology grades upward into the
overlying halite bed. Whatever the conditions were that fos-
tered development of large gypsum crystals at the top of the
interbeds, these conditions were repeated during each cycle.
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Figure 21.
from Cane Creek No. 1 core, depth 2,366 ft (721.2 m),
illustrating fine, wavy laminations in regressive anhy-
drite in upper part of interbeds in cycle 3. Location of
core shown in figure 5.

Photograph of polished surface of core

Each of the interbeds in all of the cycles observed in the
Cane Creek and Shafer cores exhibits the same kinds of con-
tacts as those in cycles 2 and 3. In each there is a sharp con-
tact between the anhydrite at the base of the interbeds and the
underlying halite beds, and each of the interbeds has an
anhydrite interval at the top that grades into the overlying
halite bed through a zone of pseudomorphs. Not all of the
interbeds contain black shale, but all contain dolomite and
anhydrite.

HALITE BEDS

The halite bed of cycle 3 in the Cane Creek core is 134
ft (40.8 m) thick and is in gradational contact with the inter-

B T B
Figure 22. Photograph of polished surface of core
from Cane Creek No. 1 core, depth 2,364.2 ft (720.6
m), illustrating a zone of faint pseudomorphic struc-
tures and patches of extremely finely laminated anhy-
drite that may be pseudomorphs after stromatolitic
limestone in upper part of interbeds in cycle 3. Loca-
tion of core shown in figure 5.

beds of cycle 3 below and in sharp contact with the overlying
interbeds of cycle 2 (fig. 2). The halite crystals are clear to
slightly cloudy; some are smoky gray to light tan. The cloud-
iness is due to minute inclusions of brine or very small crys-
tals of anhydrite. The tan coloration is due in some halite to
inclusions of organic matter and in some halite to inclusions
of fluid hydrocarbons. The halite crystals normally range in
size from 2 to 5 mm. The halite bed contains thin laminae of
anhydrite that are spaced about 6 in. (15 cm) apart near the
top of the halite bed. Downward the anhydrite laminae are
closer spaced, and spacing near the base is about 1-2 in.
(2.5-5.0 ¢cm). For the most part the anhydrite is in distinct,
dense laminae (figs. 26-28). Some laminae, however, have a
distinctive texture that we have called “snow-on-the-roof.”
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Figure 23. Photograph of polished surface of core
from Cane Creek No. 1 core, depth 2,356.7 ft (718.3
m), illustrating coarse pseudomorphic texture of an-
hydrite and halite after gypsum at top interbeds in cy-
cle 3. Location of core shown in figure 5.

Figure 24. Photograph of polished surface of
core from Cane Creek No. 1 core, depth 2,353.7 ft
(717.4 m), illustrating coarse pseudomorphic tex-
ture of anhydrite and halite after gypsum at top of
interbeds in cycle 3. Location of core shown in
figure 5.

B19



B20

e

EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

Figure 25 (above and facing page). Photographs of polished surfaces of core from Shafer No. 1 core at consec-
utive depths illustrating coarse pseudomorphic texture of anhydrite and halite after gypsum at top of interbeds in cy-
cle 3. Some especially good examples of swallow-tail morphology of the pscudomorphs are shown in B. Location
of core shown in figure 5. A, 2,500 ft (762.0 m). B, 2,502 ft (762.6 m). C, 2,505 ft (763.5 m).

Examples of this texture are illustrated in figures 29-32. The
origin of the anhydrite laminae and the snow-on-the-roof
texture is discussed later.

Two of the anhydrite laminae near the base of the halite
bed of cycle 3 contain an array of crystals that are pseudo-
morphs of halite and anhydrite after gypsum (figs. 33, 34).
The two layers in the Shafer core are within 3 ft (1 m) of each
other (fig. 5), and the lower of the two is illustrated in figure

33. The two pseudomorphous layers in the Cane Creek core
are separated more widely than those in the Shafer core (fig.
5). The upper layer is illustrated in figure 34. These two
pseudomorphous layers, near the base of the halite bed in
each core, are probably correlative. The top of the halite bed
of cycle 3 is truncated by the disconformity that separates
this halite bed from the interbeds of the overlying cycle 2
(fig. 39).
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ANHYDRITE LAMINATIONS

The halite beds of the Paradox Basin contain lamina-
tions of anhydrite in intervals that are more widely spaced at
the top than at the base. These laminations are 0.03-0.09 in.
(0.5-2 mm) thick, and the intervening halite layers are
0.75-6.0 in. (2-15 cm) thick. Typical anhydrite-halite
couplets were described by Holser (1979, p. 283) as
alternations of clear to translucent halite and dark to black
halite. The dark color is caused by a dispersion of anhydrite
crystals that diffuse the light. In the halite rocks of the Para-
dox Basin, the darker layers contain a discrete layer of gray
anhydrite. Excellent examples of anhydrite laminations in

halite rocks of the Paradox Basin are illustrated in figures
26-28.

The rhythmic occurrence of anhydrite laminations in
halite rocks has been described in rocks attributed to be of
marine origin from many deposits of many ages from around
the world (Lotze, 1957; Borchert and Muir, 1964; Borchert,
1969; Braitsch, 1971). Anhydrite laminations in halite, other
than those in the Paradox Basin, are found in the Permian
Castile and Salado Formations of Texas and New Mexico
(Dean and Anderson, 1978; Holser, 1979); the Permian
Zechstein of Germany (Richter-Bernburg, 1955; Lotze,
1957; Borchert, 1969); the Upper Permian Zechstein of
Poland (Czapowski and others, 1990); the Permian Upper
Kama deposits of the former U.S.S.R. (Fiveg, 1948; Vakhra-
mayeva, 1956); the Devonian Prairie Evaporite in
Saskatchewan, Canada (Wardlaw and Schwerdtner, 1966);
and Upper Silurian evaporites of the Michigan Basin (Dell-
wig, 1955; Dellwig and Evans, 1969; Kunasz, 1970).

Evidence for the origin of anhydrite laminations in the
halite rocks of the Paradox Basin may be provided by the
occasional anhydrite layers that have a texture that we have
called snow-on-the-roof. This texture, described by Hite
(1985, p. 225), is composed of the draping of a layer of anhy-
drite on the uneven top surface of coarse (as much as 0.39 in.
(1 cm)), angular, bottom-growth crystals of halite (figs.
29-32) and gives the impression of snow that has fallen on
angular roof tops. The occurrence of anhydrite only on the
tops of these crystals is interpreted to mean that the halite
bottom-growth crystals were in place at the time of calcium
sulfate deposition and that the calcium sulfate rained down
from the overlying column of brine. There is no evidence to
indicate whether the anhydrite was primary or whether the
original precipitate was gypsum. In any event, the present
anhydrite is very fine grained, and there is no evidence of
preexisting gypsum, We conclude that the snow-on-the-roof
texture indicates that both the halite and associated anhydrite
were the result of subaqueous crystallization.

Stewart (1963, p. 5) suggested that the periodicity of the
anhydrite laminations could be explained by periodic (prob-
ably annual) climatic temperature changes that would have
controlled the temperature of the brine body, or at least the
upper layers of the brine body. The solubility of calcium sul-
fate is dependent on temperature, calcium sulfate being more
soluble in cold solutions than in warm. Cyclic temperature
fluctuations, therefore, could have precipitated calcium sul-
fate (probably gypsum) during the summer months and not
during the winter months. Periodic, rapid precipitation
would have caused a rain of gypsum (anhydrite) crystals
onto bottom-growth crystals of halite. An example of this
mechanism for the formation of anhydrite laminations in
halite in the Permian Zechstein of Poland was described by
Czapowski and others (1990).

Anhydrite laminations could also have resulted from
periodic influx of meteoric waters that carried calcium bicar-
bonate into the basin (Hite, 1985; Magaritz, 1987). The
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Figure 26. Photographs of segment of Cane Creek No. 1 core, depth
2,336.5 ft (712.2 m). Location of core shown in figure 2. A, Reflected light.
Anhydrite laminae appear as light-colored layers within the gray halite of
the halite bed in cycle 3. B, Transmitted light. Optical density results from

significant amount of anhydrite disseminated in halite between discrete
laminae.
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Figure 27. Photographs of segment of Cane Creek No. 1 core, depth
2,265 ft (690.4 m). Location of core shown in figure 2. A, Reflected light.
Anhydrite laminae appear as light-colored layers within the gray halite of
the halite bed in cycle 3. B, Transmitted light. Similar to figure 26B, the
large dark area near the top of the core shows the optical density caused
by significant amounts of anhydrite disseminated in the halite between the
discrete laminae.
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Figure 28. Photographs of segment of Shafer No. 1 core, depth 2,860 ft
(871.7 m), illustrating an unusually clear example of halite-anhydrite couplets
in halite bed 5. Location of core shown in figure 3. A, Reflected light. B, Trans-
mitted light.
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Figure 29. Photograph of segment of
Shafer No. 1 core, depth 3,673 ft (1,119.5
m), illustrating snow-on-the-roof texture in
halite bed of cycle 9. Location of core
shown in figure 3.

calcium would react with sulfate in the basin brines to pre-
cipitate gypsum or anhydrite. If such influxes were the result
of seasonal (annual) storm cycles, then the resultant periodic
precipitation of calcium sulfate would have had the same
effect as annual temperature fluctuations.

In the Paradox Formation, the thickness of the halite
part of the halite/anhydrite couplets generally increases from
the bottom to the top of the halite beds. This is especially
obvious in the halite beds of cycles 2-5 in the Cane Creek
core and in the halite beds of cycles 4-8, 10, and 11 in the
Shafer core (Raup and Hite, 1991a, b). In addition to the
upward thickening of the halite part of the couplets, the
halite layers in the upper parts of the halite beds contain less
disseminated anhydrite and organic matter.

The upward thickening of the halite in the couplets
would indicate an increased rate of halite precipitation

Figure 30. Photograph of segment of
Cane Creek No. 1 core, depth 2,623.5 ft
(799.6 m), illustrating snow-on-the-roof
texture in halite bed of cycle 4. Location of
core shown in figure 2.

throughout the deposition of the halite bed if the anhydrite
laminations were deposited annually or at some other regular
interval. Halite would have been deposited relatively faster
through time if the brines in the basin were becoming more
concentrated in the more soluble constituents in the sea
water, such as the potassium and magnesium chlorides,
through a salting-out mechanism that was operating along
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Figure 31.
Creek No. 1 core, depth 2,616.5 ft (797.5 m),
illustrating snow-on-the-roof texture in halite
bed of cycle 4. Location of core shown in
figure 2.

Photograph of segment of Cane

with normal evaporative concentration (Raup, 1970;
Braitsch, 1971). The precipitated halite would also be
cleaner upward in the halite bed because coprecipitated
anhydrite and organic constituents in the brine would have
been diluted by the increased halite precipitation.

Figure 32. Photograph of segment of
Shafer No. 1 core, depth 2,610.5 ft (795.7
m), illustrating snow-on-the-roof texture
in halite bed of cycle 4. Location of core
shown in figure 3.

BROMINE DISTRIBUTION

Bromine accumulates in sea-water brines when the
brines are concentrated through evaporation. Because a con-
stant, small part of this bromine is incorporated in halite
(substituting for chlorine) as it is precipitated, the bromine
content in halite reflects the amount of bromine in the brine
and serves as an index of the concentration (salinity) of the
brine (Raup, 1966; Raup and Hite, 1978). Bromine
distribution profiles for the halite beds of cycles 2 and 3
(figs. 36, 37) are very regular; bromine generally increases
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Figure 33. Photograph of segment of Shafer
No. 1 core, depth 2,491 ft (759.3 m), illustrat-
ing layer of pseudomorphic crystals of anhy-
drite and halite after gypsum on top of thin
lamina of anhydrite. This layer is one of only
two such layers in lower part of halite bed in
cycle 3. Location of core shown in figures 3
and 5.

from bottom to top, typical of the thick halite beds of the Par-
adox Basin evaporites (Raup, 1966; Raup and Hite, 1978;
Hite, 1983) and in general accordance with theoretical con-
siderations (Holser, 1966, 1979; Borchert, 1969).

There are three dominant trends in the profile of the
bromine content for the halite bed of cycle 2. Starting at the
bottom of the halite bed bromine content is 180 ppm, it
decreases upward to 70 ppm, then increases to 160 ppm, and
finally decreases in the upper part of the halite bed (Raup,
1966). The last two trends probably correspond to changes in
basin salinity during the deposition of this halite bed. The
initially high and then decreasing bromine content in the
basal 24 ft of halite could also reflect changes in basin salin-
ity; however, it is more likely that this high bromine content

Figure 34. Photograph of segment of Cane
Creek No. 1 core, depth 2,340.4 ft (713.3 m), il-
lustrating layer of pseudomorphic crystals of an-
hydrite and halite after gypsum on top of thin
lamina of anhydrite. This layer is one of only two
such layers in lower part of halite bed in cycle 3.
Location of core shown in figures 2 and 5.

. at the base is due to expulsion of residual, bromine-rich

brines from the underlying sediments during lithification
(Raup and Hite, 1978). From 2,088 to 1,950 ft (636.4-594.4
m), the salinity of the brine generally increased, yet the fre-
quent changes in the slope of the profile, which indicate a
rhythmic increase and decrease of bromine in the halite, indi-
cate that the increase in salinity of the brine was interrupted
four times by brine dilution that probably resulted from
influx of sea water into the basin. Subsequently, during dep-
osition of the upper 14 ft (4.3 m) of the halite bed, the salinity
of brine decreased rapidly, probably as the result of
increased circulation into the basin. Rocks not far above the
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Figure 35. Photograph of segment of Cane Creek
No. 1 core, depth 2,218.5 ft (676.2 m), illustrating
sharp contact (arrow) between top of the halite bed of
cycle 3 and overlying laminated anhydrite at base of
cycle 2 interbeds Location of core shown in figure 2.

halite bed of cycle 2 are predominantly normal marine
limestone of the Honaker Trail Formation of the Hermosa
Group (Raup and Hite, 1991a, b).

The bromine content of the cycle 3 halite bed similarly
generally increases from bottom to top. At the base of the
halite bed of cycle 3 the bromine content is 90 ppm. The
slightly higher bromine content at the base of this halite bed
was probably derived from residual, bromine-rich brines that
were expelled from the underlying rocks during lithification
similar to the halite bed in cycle 2. Above the basal part of
the profile, bromine content decreases to 72 ppm at 2,328 ft
(709.6 m). From 2,328 to 2,230 ft (709.6-679.7 m), it
increases to 130 ppm but with enough irregularities to sug-
gest the existence of minor salinity variations, similar to
those in the halite bed of cycle 2. The bromine content of the
upper 10 ft (3 m) of the halite bed of cycle 3 very greatly
increases, so much so, in fact, that at the top of the bed the
salinity is just short of that necessary for the precipitation of
potash minerals (Raup, 1966).

The bromine profiles of the halite beds of cycles 2 and
3 are typical of bromine profiles measured in halite beds of
several other cycles in the Paradox Formation (Raup, 1966;
Raup and others, 1970; Raup and Hite, 1978; Hite, 1983).
The generally regular nature of the profiles indicates that the
bromine content of the brines from which the halite precipi-
tated changed gradually during deposition of the halite beds;
this gradual change would have required a relatively large
volume of brine in the basin. These regular profiles are in
contrast to irregular, erratic profiles typical of halite beds
deposited from shallow, transitory brines and in geologic
settings where the salts were susceptible to episodes of fre-
quent recrystallization (Raup and Hite, 1978).

Bromine profiles for halite beds of the Paradox Forma-
tion (Raup, 1966; Raup and Hite, 1978; Hite, 1983) indicate
essentially continuous, uninterrupted deposition. The rapid-
ity of salt deposition would require sufficient basin depth to
accommodate the entire thickness of at least a single halite
bed. The thickest halite bed in the upper part of the Paradox
Basin evaporites is the halite bed of cycle 6, which is about
330 ft (100 m) thick. Other halite beds, lower in the strati-
graphic section, are several hundred feet thick (Hite, 1960).
Wardlaw and Schwerdtner (1966) analyzed the deposition
rate of the halite in the Prairie Evaporite of Saskatchewan
and concluded that, if the annual sedimentation rate was 5
cm per year, then the 600-ft-thick chloride section in the cen-
ter of the basin would have formed in less than 4,000 years.
Because this sedimentation rate far exceeds any known tec-
tonic subsidence rate, it is assumed that the basin would have
been at least that deep prior to halite deposition. Borchert
(1969) followed a similar line of reasoning for the deposi-
tional rates and tectonic setting of evaporites in the Permian
Zechstein Basin of Germany. Following the same reasoning
for evaporites of the Paradox Basin, which had an original
deposition thickness in excess of 5,000 ft (1,500 m), the
lower part of the evaporites must have been deposited in
fairly deep water. As the evaporites accumulated, the depth
of the water in the basin would have decreased (Schmalz,
1969).
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Figure 36. Bromine distribution in halite bed of cycle 2, Cane Creek No. 1core. A, Analytical results. B, Smoothed profile using a mov-

ing average of five points.

POTASH DEPOSITS

Potash, generally in the form of sylvinite, is in 17 of the
29 evaporite cycles in the Paradox Basin (Hite, 1960). Con-
centration of the potash at or near the tops of the halite beds,
for the most part, indicates the salinity asymmetry of the
evaporite cycles. Bromine distribution studies of the halite
beds of the Paradox Basin (Raup, 1966; Hite, 1983) show

that salinity of the basin brines increased during deposition
of most of the halite beds. The salinity curve for cycle 2 (fig.
4) shows an increase of salinity from the middle of the black
shale upward through the interbeds and through the halite
bed, in the part of the curve Y through Z. This interval is in
the regressive phase of the cycle when the sea level dropped
to its low stand, circulation of sea water into the basin was
restricted, and salinities within the basin were steadily
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Figure37. Bromine distribution in halite bed of cycle 3, Cane Creek No. 1 core. A, Analytical results. B, Smoothed profile using a moving

average of five points.

increasing. Potash mineralization is indicative of extreme
brine salinities that resulted from extreme aridity during the
final stages of those particular cycles.

INTERBED CONTACT
RELATIONSHIPS

All of the interbeds in each of the cycles observed in the
Cane Creek and Shafer cores are identical with respect to

their upper and lower contacts. These contact relationships
are well illustrated in cycle 3 (fig. 5). In cycle 3 the base of
the interbeds is in sharp contact with the underlying halite
bed of cycle 4 (figs. 7, 8), and the upper contact is
gradational with the halite bed of cycle 3 through a zone of
coarse pseudomorphs of anhydrite and halite after gypsum
(figs. 23-25). Photographs of these contact relationships in
cycles other than 3 are illustrated in figures 38—45.

The sharp, disconformable basal contacts of interbeds
in cycles 2, 4, 6, 8, and 10 are illustrated in figures 38—41.
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Figure 38. Photograph of polished surface of
core from Shafer No. 1 core, depth 2,655 ft (809.2
m), illustrating sharp contact (arrow) between fine-
ly laminated anhydrite at base of interbeds at base
of cycle 4 and underlying halite bed at top of cycle
5. Location of core shown in figure 3.

The locations of the photographic figures in the Cane Creek
core are indicated by arrows in figure 2, those in the Shafer
core in figure 3.

Figure 39. Photograph of polished surface of core from
Shafer No. 1 core, depth 3,303 ft (1,006.7 m), illustrating sharp
contact (arrow) between finely laminated anhydrite at base of
interbeds at base of cycle 6 and underlying halite bed at top of
cycle 7. Black areas within the halite are organic matter. Loca-
tion of core shown in figure 3.

The gradational pseudomorphic zones of the upper con-
tacts of interbeds in cycles 4, 5, 11, and 13 are illustrated in
figures 42-45. In these upper contact zones, which are 1-3 ft
(0.30-1 m) thick, anhydrite grades upward to halite with no
sharply defined contact.

DETAILED CORRELATION OF CYCLE
3 INTERBEDS BETWEEN CANE
CREEK NO. 1 AND SHAFER NO. 1
CORE HOLES

The degree to which correlations of lithologic units can
be made between core holes is indicative of uniformity of
deposition in a sedimentary basin. The lithology and texture
of interbeds at the base of cycle 3 in both the Cane Creek and
Shafer core holes are sufficiently distinct to make detailed
correlation possible (fig. 5). These two core holes are about
5 mi (8 km) apart. Although this is not a great distance in a
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Figure 40. Photograph of polished surface of core
from Shafer No. 1 core, depth 3,528.5 ft (1,075.5 m), il-
lustrating sharp contact (arrow) between layered anhy-
drite at base of interbeds at base of cycle 8 and
underlying glassy halite in halite bed at top of cycle 9.
Location of core shown in figure 3.

Figure 41. Photograph of segment of Sha-
fer No. 1 core, depth 3,892 ft (1,186.3 m), il-
lustrating sharp contact (arrow) between
layered anhydrite at base of interbeds at base
of cycle 10 and underlying halite bed at top of
cycle 11. Location of core shown in figure 3.
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basin the size of the Paradox Basin, it is sufficient distance
to require conditions of uniform deposition in this part of the
basin through the time required for the accumulation of these
interbeds. Thus, correlation of thin units over this distance
indicates water that was deep enough that the bottom was not
disturbed by waves and currents. Dense bottom brines would
have also inhibited activity of burrowing organisms.

The base of the interbeds in both the Cane Creek and
Shafer core holes is composed of finely laminated anhydrite
(figs. 7 and 9 in the Cane Creek core and fig. 8 in the Shafer
core). The laminated anhydrite grades upward into nodular
anhydrite (figs. 9 and 10 in the Cane Creek core and figs. 11
and 12 in the Shafer core). The nodular interval is thicker in
the Cane Creek core than in the Shafer core. The overlying
silty dolomite is about the same thickness in both holes. A
very distinct thin black shale interval near the middle of the
dolomite is somewhat thicker in the Cane Creek core than in
the Shafer core. There are, however, no distinct correlatable
units in the black shale. The silty dolomite above the black
shale is about the same thickness in both core holes, but here
too, there are no correlatable units.

The upper anhydrite has several distinctive lithologic
units. The lowest unit in this regressive anhydrite is lami-
nated but has small pseudomorphs after gypsum. This unit in
the Cane Creek core is illustrated in figure 19 and in the Sha-
fer core in figure 20. In both cores this unit is overlain by a
thin interval that has thin, parallel laminations (fig. 21).
Above the thin parallel laminations is a zone of very thin
laminations that may be replacements of algal (stromatolitic)
limestone (fig. 22). Overlying this unit is the zone of coarse
pseudomorphs after gypsum that grades upward into the
overlying halite bed. The coarse pseudomorphs are illus-
trated in figures 23 and 24 for the Cane Creek core and in fig-
ure 25 for the Schafer core.

Because of the similarity between interbeds of cycle 3
and interbeds of the other cycles, it is not unreasonable to
assume that conditions were similar during deposition of all
of the cycles of the upper part of the Paradox Formation.

SEA-LEVEL CONTROL DURING
EVAPORITE DEPOSITION

Peterson and Ohlen (1963) and Hite and Buckner
(1981) attributed the cyclicity of the Paradox Basin
evaporites to periodic changes in sea level in response to
advance and retreat of glaciers in Gondwanaland during
Pennsylvanian time. Interglacial melting would cause a rise
in sea level that would increase water depths in the shelf

Figure 42 (facing column). Photograph of segment of Cane
Creek No. 1 core, depth 2,640.5 ft (804.8 m), illustrating coarse
pseudomorphic texture of anhydrite and halite after gypsum at top
of interbeds in cycle 4. Location of core shown in figure 2.
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Figure 43. Photograph of polished surface of core from
Shafer No. 1 core, depth 2,869.5 ft (874.6 m), illustrating
coarse pseudomorphic texture of anhydrite and halite after
gypsum at top of interbeds in cycle 5. Location of core
shown in figure 3.

areas of the Paradox Basin resulting in an increase in circu-
lation and a lowering of salinity of the basin waters. This
freshening of the basin brines would cause dissolution of the
upper layers of previously deposited halite and produce a
disconformity onto which the overlying anhydrite of suc-
ceeding cycles was deposited. The buildup of Gondwana-
land glaciers would have caused a lowering of sea level that

Figure 44. Photograph of polished
surface of core from Shafer No. 1 core,
depth 3,919.5 ft (1,194.7 m), illustrat-
ing coarse pseudomorphic texture of
anhydrite and halite after gypsum at
top of interbeds in cycle 11. Location
of core shown in figure 3.
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Figure 45. Photograph of polished surface of core from Shafer
No. 1 core, depth 4,149.5 ft (1,264.8 m), illustrating coarse pseudo-
morphic texture of anhydrite and halite after gypsum at top of inter-
beds in cycle 13. Location of core shown in figure 3.

would restrict circulation in the Paradox Basin, causing arise
in salinity of the basin brines and the deposition of a
sequence of precipitates of increasing salinity. It is possible
that the evaporite cycles of the Paradox Basin, which proba-
bly formed in response to the Gondwanaland glacial cycles,
could be comelated with the numerous Pennsylvanian
cyclothems of the Midcontinent region of the United States.

SUMMARY OF EVIDENCE FOR
ENVIRONMENTS OF DEPOSITION OF
EVAPORITES IN THE
PARADOX BASIN

In the foregoing discussion several lines of evidence
indicate (1) that evaporites of the Paradox Basin were depos-
ited in a silled basin in which the sill was a broad, shallow
shelf along the northwest, west, south, and southeast sides of
the basin and (2) that the northeast side of the basin was
bounded by the Uncompahgre Uplift, which was probably a
prominent range of mountains during Desmoinesian time.
The basin had probably become quite deep prior the deposi-
tion of the first evaporites. Further work is needed to deter-
mine the rates of tectonic subsidence of the basin, the depth
of the basin at the time of first evaporite deposition, and the
rates of evaporite deposition as compared with the rates of
basin subsidence.

The following criteria indicate that the evaporites of the
Paradox Basin were deposited subaqueously in a brine-filled
basin.

1. Concentric distribution of rock types indicates a nor-
mal basin configuration for the Paradox Basin. Rock types
having the highest solubility are concentrated in the deepest
and most restricted part of the basin, whereas those having
the lowest solubility are most widespread (fig. 1) (unpub-
lished data). This lithologic distribution, along with charac-
teristics listed below, indicates a regular distribution of
brines of differing salinity within the basin (Hite and Buck-
ner, 1981) that would require a dynamic evaporation and cir-
culation system in a basin containing a large volume of
brine.

2. Halite crystals in snow-on-the-roof textures are
interpreted to be the result of basin bottom growth; anhydrite

gypsum) precipitated in the overlying brine and then rained
down onto the halite. Both aspects of this interpretation
require a standing body of brine.

3. The progressive increase in thickness of halite in the
halite-anhydrite couplets of many of the halite beds is best
explained by a progressive change in the chemistry of the
brines in the basin that resulted in an increasing precipitation
rate of the halite. For such a mechanism, the basin had to
contain a relatively large volume of brine.

4. Progressively cleaner halite from bottom to top of a
halite bed probably resulted from the dilution effect of
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progressively more rapid precipitation of halite from bottom
to top that would have incorporated less anhydrite and
organic matter during deposition.

5. Bromine profiles for halite beds of the Paradox For-
mation (Raup, 1966; Raup and Hite, 1978; Hite, 1983) indi-
cate essentially continuous deposition. Because of the
inferred rapid rates of halite precipitation, each of the halite
beds, or perhaps a series of halite beds, must have been
deposited in a deep basin from a relatively large volume of
brine (Borchert and Muir, 1964; Wardlaw and Schwerdtner,
1966).

6. Correlatability of thin stratigraphic units over large
distances has been accepted in other areas as good evidence
for relatively deep basin deposition. The two core holes pre-
sented in this study are 5 mi (8 km) apart, and they have sev-
eral small units that can be correlated with confidence.
Although this distance is not as great as some of the dis-
tances over which correlations have been made in the Zech-
stein Basin of Germany or in the Delaware Basin of Texas
and New Mexico, it is, nevertheless, a greater distance than
correlations could be expected in shallow-water or sabkha
environments.

7. The consistent presence of pseudomorphs of halite
and anhydrite after gypsum at the top of each of the interbeds
indicates the regular cyclic recurrence of some mechanism
that would most likely occur in a basin with a large volume
of brine.

8. Generally gradational contacts between all rock
types within each cycle and unconformities between cycles
indicate a recurring sequence of sedimentation that is proba-
bly controlled by dynamics within the basin brines.

9. On the negative side, the lack of mudcracks, ripple
marks, or other indicators of desiccation in the Paradox
evaporites within the basin indicates a lack of shallow-water
or subaerial conditions within the basin margins.
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